Background: Most studies of brain white matter (WM) in posttraumatic stress disorder (PTSD) have focused on combat trauma, and often were confounded by neurological and substance dependence comorbidity. This study used tract-based spatial statistics (TBSS) and probabilistic tractography to characterize WM microstructure in a mixed-sex community sample of PTSD patients exposed to diverse and multiple traumas, and in trauma-exposed normal comparison (TENC) subjects.
INTRODUCTION
, which propose that compromised medial prefrontal regions result in insufficient control over limbic and subcortical structures.
While the bulk of neuroimaging research in PTSD has focused on gray matter morphology and functional abnormalities, there has been a recent surge in research on brain white matter (WM) pathology, particularly using diffusion tensor imaging (DTI), a magnetic resonance imaging (MRI) method that characterizes WM connections (Alexander, Lee, Lazar, & Field, 2007; Basser, Mattiello, & LeBihan, 1994; Hagmann et al., 2006) . To date, the DTI literature in PTSD has been dominated by studies focused on combat-related trauma, which may have limited generalizability to community samples. Combat trauma occurs in less than 2% of the general population; other forms of assaultive trauma are more prevalent and more strongly associated with PTSD in community samples (Breslau et al., 1998) . Combat samples tend to be predominantly male, often have neurological comorbidities such as traumatic brain injury (TBI), and frequently include a high proportion of treatment-seeking patients, which limits generalizability to female patients and the general community. Reports in civilian samples have been dominated by studies of single mass-trauma disasters (Abe et al., 2006; Kim et al., 2005; Zhang et al., 2011) . Although the etiology of PTSD is complex, the risk for the disorder is particularly elevated following exposure to multiple compared with single trauma (Kessler, 2000) . Overall, there is a need for DTI studies in communitybased samples that are not complicated by neurologic confounds and that represent exposures to multiple trauma types.
Many previous DTI studies in PTSD have employed tract-based spatial statistics (TBSS, Smith et al., 2006) , which allows for whole-brain analysis within a core white-matter "skeleton." A TBSS study in veterans with PTSD found evidence for lower fractional anisotropy (FA; i.e., less coherent organization of WM tracts) near the ACC, prefrontal cortex, posterior central gyrus, angular gyrus, and posterior internal capsule (Schuff et al., 2011) , though other TBSS studies found no significant group differences (Bierer et al., 2015; Durkee, Sarlls, Hommer, & Momenan, 2013) . Several voxel-based analysis (VBA) and region of interest (ROI) studies of PTSD have corroborated evidence of lower FA in the ACC (Kim et al. 2005 (Kim et al. , 2006 Zhang et al. 2011; Sanjuan et al. 2013 ), medial orbitofrontal cortex (Sun et al. 2013) , and temporal lobe (Sun et al., 2013) . There are a few conflicting reports that PTSD samples show higher FA in the ACC (Abe et al., 2006) and temporal cortex , and higher generalized FA in right frontotemporal pathways (Davenport, Lim, & Sponheim, 2015) . In one study of a highly traumatized community sample, PTSD patients had lower FA in the posterior cingulum bundle, which connects the cingulate to entorhinal cortex; however, this finding did not survive family-wise error correction (Fani et al., 2012) . To summarize, there is evidence of FA alterations in PTSD patients compared with control samples, which may be particularly robust for pathways near the ACC and temporal lobe cortices.
Unlike TBSS, diffusion tensor tractography uses diffusion data to identify and trace WM pathways. This fiber-based method therefore can be used as a complement to the more local TBSS approach (Roine et al., 2015) , because it is not limited to voxels with the highest FA at the center of the WM skeleton. There have been a handful of tractography studies in trauma-exposed populations, mainly focused on patients with combat trauma. Several investigations examined DTI metrics within particular tracts of a priori interest, including the uncinate fasciculus (Admon et al., 2013; Isaac et al., 2015) , cingulum (Bierer et al., 2015; Isaac et al., 2015) , stria terminalis (Kennis et al., 2015) , corticospinal tracts (Levin et al., 2010) , and fornix (Kennis et al., 2015; Levin et al., 2010) . Some of these studies demonstrated that lower FA is related to negative clinical outcomes following combat trauma (in the uncinate fasciculus, Admon et al., 2013 ; left uncinate and right cingulum, Isaac et al., 2015; and corpus callosum, Levin et al., 2010) , while others found that higher FA is associated with greater severity or persistence of PTSD symptoms (in the right cingulum, Bierer et al., 2015; dorsal and hippocampal cingulum, Kennis et al., 2015) .
With the exception of the study by Admon and colleagues (2013) , these prior investigations involved predominantly male participants, many of whom had sustained TBI during combat. In one study of a civilian sample, Long et al. (2013) examined individuals with PTSD following motor vehicle accidents. They found alterations in graph theoretical parameters relating to structural connectivity, predominantly in the bilateral ACC, pallidum, and hippocampus/parahippocampal gyrus. This points to involvement of fibers in the medial frontal and temporal-limbic cortices, although a single study in a community based sample cannot be taken as conclusive. Thus, additional studies applying tractography in community samples without comorbid TBI are needed.
In the present study, we used TBSS and probabilistic tractography in a mixed-sex, community sample of adults with PTSD and traumaexposed normal comparison (TENC) subjects without a history of psychiatric illness. By using both TBSS and probabilistic tractography, we examined group differences in DTI metrics within the WM skeleton, and also within anatomically defined WM pathways. We tested the hypothesis that PTSD patients would show significantly lower FA than TENC subjects in frontal and temporal cortex WM. Based on prior evidence that some PTSD neuropathology tracks with illness severity (De Bellis et al., 2015; Herringa, Phillips, Almeida, Insana, & Germain, 2012; Sanjuan, Thoma, Claus, Mays, & Caprihan, 2013) and repeated trauma exposure/trauma load (Catani, Adenauer, Keil, Aichinger, & Neuner, 2009; Nardo et al., 2010) , we also examined whether DTI metrics that differed between groups were correlated with symptom severity or lifetime trauma load.
MATERIALS AND METHODS

Participants
This study recruited 21 right-handed PTSD patients and 25 matched TENC adult subjects, who responded to advertisements in the Boston area. All subjects provided written informed consent after a full explanation of study procedures and were paid for their participation. to any TLEQ event were excluded from the analyses (n = 6), resulting in a final sample of 20 PTSD and 17 TENC participants (Table 1) .
Clinical interviews and measures
All participants were assessed using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I/P) (First et al. 2002) . PTSD symptom severity was rated with the Clinician Administered PTSD Scale (CAPS; (Blake et al., 1995) ), administered by a clinical psychologist (IMR) to those endorsing one or more DSM-IV Criterion A events on the SCID-I/P. The CAPS yields total symptom scores as well as subscale scores for reexperiencing, avoidance and numbing, and hyperarousal symptoms (Table 1) . On the SCID-I/P, all participants in the PTSD group met full criteria for current DSM-IV PTSD, except for one who met for lifetime PTSD, in partial remission. Sixteen PTSD patients were unmedicated, and the remaining four patients were taking a selective serotonin reuptake inhibitor (SSRI; stable dose for greater than 8 weeks).
Additional clinical information is presented in Supporting Information.
The TLEQ was used to derive a measure of lifetime trauma load (number of different types of lifetime trauma endorsed). On average, PTSD participants reported exposure to multiple types of DSM-IV Criterion A1 traumas, with many PTSD group participants also reporting having experienced multiple events within each category. All participants in the TENC group also reported exposure to at least one type of DSM-IV Criterion A1 trauma, though lifetime trauma load was significantly lower than in the PTSD group (Table 1) . TENC participants never met full criteria for lifetime PTSD.
MR image acquisition
Scans were collected on a 3.0 Tesla Siemens Tim Trio scanner (Siemens, Erlangen, Germany), using a 12-channel head coil. Structural T1-weighted 3D magnetization-prepared rapid gradient-echo (MPRAGE) images and whole brain DTI images were acquired (for parameters, see Supporting Information).
Tract-based spatial statistics (TBSS)
For voxel-wise diffusion analyses, whole brain DTI data 
Reconstruction of WM tracts (TRACULA)
For tractography analyses, diffusion data were processed using
Freesurfer's TRActs Constrained by UnderLying Anatomy (TRACULA) tool (Yendiki et al., 2011) , using a standard pipeline (Supporting Information 1). FA, MD, RD, and AD were computed for each of 10 available tracts.
Statistical analyses
Statistical analyses were performed using SPSS Statistics 20 (IBM Corporation, Armonk, New York, USA). TRACULA results were analyzed using SPSS's General Linear Models routine. Analyses were univariate for the forceps major and forceps minor (which are midline struc- Because FA is the dominant metric for examining group differences in the existing literature, and to reduce multiple comparisons, the group comparison analyses were initially restricted to FA. Where significant group differences were found in FA, the other metrics were probed to clarify the nature of the group difference. Relationships with symptom severity and trauma load were assessed by correlating significant imaging findings with CAPS current total scores or TLEQ trauma load, controlling for age, sex, and TMI.
RESULTS
Tract-based spatial statistics
TBSS analyses identified one cluster of significantly lower FA in PTSD versus TENC subjects (Fig. 1 ). This was a left frontal cluster involving fibers from the left anterior corona radiata/anterior thalamic radiation/forceps minor/uncinate fasciculus/inferior fronto-occipital fasciculus/ cingulate gyrus (cluster size k = 148 voxels, p = .039, MNI: x = −17, y = 38, z = 3). There were no clusters with significantly higher FA in PTSD than TENC participants, and there were no significant differences in MD, AD, or RD between groups. 
Probabilistic tractography
As shown in Table 2 To follow up on the significant group difference in FA, the additional DTI metrics were also examined for group differences in the left ILF.
There was no significant group difference in left ILF MD (F(1,31) = 0.624, p = .435) or AD (F(1,31) = 3.615, p = .067). However, there was F I G U R E 1 Results of tract-based spatial statistics (TBSS) using a whole-brain analysis with threshold-free cluster enhancement (TFCE) and family-wise error (FWE) correction at p < .05. There was one cluster with significantly lower fractional anisotropy (FA) values in posttraumatic stress disorder (PTSD) compared to trauma-exposed normal comparison (TENC) (PTSD < TENC). This left frontal cluster involved fibers from the left anterior corona radiata/anterior thalamic radiation/forceps minor/ uncinate fasciculus/inferior fronto-occipital fasciculus/cingulate gyrus. The significant cluster is shown in red, superimposed on the mean_FA_skeleton (in green) and overlaid on the mean_FA image in the MNI standard space. 
Possible clinical confounds
After removing one participant in the PTSD group with subthreshold current PTSD and rerunning the TBSS analysis, the left frontal cluster continued to demonstrate significantly reduced FA in the PTSD group.
Similarly, after removing that participant and re-running the tractography analysis, the difference in ILF FA remained statistically significant (F(2,29) = 6.907, p = .004). All results therefore are reported for the full PTSD sample (n = 20).
In the TBSS analysis, the group difference in left frontal lobe FA per- 
DISCUSSION
This study used TBSS and probabilistic tractography to examine group differences in brain WM structure in a community-based sample of adults with PTSD and matched trauma-exposed controls. TBSS revealed significantly lower FA in a left frontal lobe cluster in the PTSD group. In addition, tractography showed that PTSD patients had significantly lower FA and higher RD in the left ILF. These results suggest that PTSD is associated with compromised structural integrity of WM pathways that connect the medial frontal cortex to cortical and subcortical targets, and of fibers that connect the temporal and occipital cortices. These findings were not confounded by psychotropic medication Our voxelwise TBSS analysis demonstrated that PTSD patients had lower FA in a left frontal cluster involving fibers near the rostral ACC (rACC). This finding is consistent with findings of two prior studies using VBA and ROI-based methods that identified lower FA in the left ACC in civilian PTSD (Kim et al. 2005 (Kim et al. , 2006 . TBSS studies in PTSD have found bilateral decreases in ACC FA (Fani et al., 2012; Sanjuan et al., 2013; Schuff et al., 2011 ; but for null results see Bierer et al., 2015; Durkee et al., 2013) . A finding of lower FA aligns with other evidence for structural compromise of the ACC in PTSD, including decreased gray matter volume (O'Doherty, Chitty, Saddiqui, Bennett, & Lagopoulos, 2015; Rauch et al., 2003) . Emerging evidence suggests that the rACC may be involved in downregulating fear circuitry during fear extinction recall (Helpman et al., 2016) , a process believed to contribute to overgeneralization of fear responses in PTSD (Milad et al., 2009 ).
Using tractography, we found that PTSD patients had significantly lower FA in the ILF, a long-association visual-limbic pathway that connects the occipital and anterior temporal lobes (Catani, Jones, Donato, & Ffytche, 2003) . In addition, RD was significantly higher in the ILF, a pattern that may reflect lesser myelination of WM fibers (Song et al., 2003) . We are aware of no previous reports of reduced WM integrity of the ILF in PTSD. One study reported lower FA in the ILF of adults who witnessed domestic violence in childhood (Choi, Jeong, Polcari, Rohan, & Teicher, 2012) . The ILF supports information transfer between primary sensory (visual and auditory) and association cortices (Catani et al. 2003; Choi et al. 2012) . PTSD may involve atypical sensory processing, including reduced activity in areas of the ventral visual stream (including the ILF) (Adenauer et al., 2011; Mueller-Pfeiffer et al., 2013) and auditory processing abnormalities (Clark et al., 2009; Neylan et al., 1999) . Individuals with PTSD demonstrate insufficient suppression of irrelevant sensory stimuli, including abnormal P50 suppression (Neylan et al., 1999) and prepulse inhibition (Pineles et al., 2016) . Although speculative, we suggest that compromise of the ILF could be relevant to these sensory filtering abnormalities. These sensory phenomena are not fully captured by DSM PTSD symptoms (Mueller-Pfeiffer et al., 2013) , which may help explain the lack of correlation between ILF DTI measures and CAPS scores in our study.
Brain alterations in PTSD, including WM compromise, can represent the influence(s) of predisposing factors, severity of trauma exposure, or disease severity and progression (De Bellis et al., 2015; Jovanovic & Ressler, 2010; Karl et al., 2006; Nardo et al., 2010) . We did not find significant associations of ACC or ILF FA decrements with PTSD symptom scores, suggesting that they do not track with illness severity. Additionally, FA was not significantly associated with trauma load within the PTSD group. For the frontal TBSS cluster, there was no relationship with broad measures of symptom severity (CAPS scores).
There was some evidence for a relationship between left ILF FA and CAPS scores, corresponding to a medium-sized effect that we were underpowered to detect (partial r = −0.361). It would be helpful to replicate these findings in a larger sample that is characterized in terms of underlying dimensional features such as fear extinction and visual/auditory sensory gating that may more closely track with alter-
This study has a number of strengths. By using both TBSS and probabilistic tractography, we evaluated group differences in diffusion properties within the WM skeleton and also within anatomically verified WM pathways. TBSS tends to be more sensitive to focal alterations in WM integrity, whereas tractography-based analysis can better detect alterations that are diffusely present along the length of a fiber tract (Roine et al., 2015) . Differences in localized sections of WM with TBSS may not be detected using the mean FA of the whole tract (Sarica et al., 2014; Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012) , and conversely diffuse changes picked up by tractography may not cross the threshold of detection using TBSS. Additionally, our sample was comprised of a community-based, mixed-sex population with diverse trauma histories, a demographic profile that is underrepresented in the trauma literature as a whole and the PTSD DTI literature in particular. Lastly, our results were robust to medication status and depression comorbidity.
Our findings should be interpreted in the context of several limitations. Replication in groups matched on trauma load will be an important future step in verifying whether the effects are entirely related to PTSD diagnosis or whether there is a contribution of trauma exposure. As discussed above, in this sample it was not possible to determine whether the observed reductions in FA are associated with PTSD diagnosis or with exposure to childhood trauma. Additionally, our sample size may have limited our statistical power to detect associations of WM measures with variability in clinical symptoms. Future studies using multimodal neuroimaging will be helpful in identifying how alterations in structural connectivity are related to altered brain functioning. Finally, our PTSD sample included a lower rate of comorbid depression than is seen in some clinical samples, which may be because the sample was a community-based, nontreatment-seeking sample.
Summary
PTSD patients had lower FA than trauma-exposed adults in brain WM pathways that course through the left ACC. We also found lower FA in the left ILF, a temporal-occipital pathway that has not been considered central to PTSD pathophysiology, but which has been implicated in sensory processing abnormalities. Taken together, our results underscore the importance of characterizing disruptions of WM tracts in PTSD, as these may help elucidate or provide context to functional brain and behavioral deficits.
